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Introduction 


Single- walled  carbon  nanotubes  (SWNTs)  are  among  the  most  promising  new  materials  in 
the  focus  of  nanoscience  and  nanotechnology,  as  they  exhibit  superior  mechanical1  and  electrical 
properties.2,3  The  chemical  stability  and  robust  physical  properties  of  individual  SWNT  are 
uniquely  dependent  on  the  chiral  indices  ( n,m )  which  determine  the  tube’s  diameters.4 
Unfortunately,  tubes  in  the  as-prepared  sample  are  generally  grown  as  a  mixture  of  different 
SWNTs.  In  order  to  access  SWNT  of  single  ( n,m )  chirality,  a  post-synthesis  process  becomes 
necessary  to  separate  different  SWNTs.  Individualization  of  a  specific  chiral  SWNT  from  their 
mixture  remains  a  major  challenge,  due  to  their  structural  similarity  between  SWNT  species.5 

Significant  efforts  have  been  developed  to  sort  different  ( n,m )  SWNTs,  and  the  activity  prior 
2009  has  been  extensively  reviewed.5  Among  the  prominent  approaches  to  isolate  SWNTs 
include  using  flavin,6  single-stranded  DNA,7  density-gradient  ultracentrifugation,8’9  dextran- 
based  size-exclusion  gel,10  and  polymers. 11,12,13  Despite  significant  progress  in  recent  years,  the 
current  methodologies  suffer  from  either  high  cost  such  as  in  DNA  separation,7  or  low  separation 
efficiency.  While  the  dextran-based  size-exclusion  gel10  can  separate  semi- SWNTs,  it  does  not 
differentiate  different  met- SWNTs.  Among  the  existing  methods,  the  polymer-based  isolation 
remains  to  be  one  of  the  most  promising  strategies,  as  size-exclusion  chromatography  is  one  of 
the  most  popular  methods  for  separation  of  different  kinds  of  macromolecules.14 

Selective  dispersion  of  SWNTs  is  dependent  on  the  selective  interaction  of  a  dispersion 
reagent  with  a  specific  type  of  nanotube(s).  Due  to  the  curvature  of  the  nanotube  surface,  an 
optimum  interaction  often  involves  a  helical  assembly  of  dispersion  reagent  on  a  SWNT.  For 
example,  selectivity  dispersion  of  (8,6)  SWNT  by  flavin  mononucleotide6  is  dependent  on  the 
helical  assembly  of  flavin.  Helical  wrapping  of  polyfluorene  1  on  SWNTs  is  also  thought  to  play 
an  important  role  in  the  selective  dispersion  of  SWNTs.15  On  the  basis  of  these  observations,  it  is 
reasonable  to  assume  that  a  polymer  with  a  helical  conformation  could  provide  an  optimum 
interaction  for  a  specific  SWNT,  as  the  polymer’s  conformation  could  bring  the  chain  segments 
to  a  unique  arrangement  for  an  intimate  contact  with  the  SWNT  surface.  In  addition,  the 
polymer’s  conformational  cavity  could  be  controlled  to  match  the  diameter  of  an  SWNT,  thereby 
adding  another  parameter  to  facilitate  the  separation.  The  study  is  thus  focusing  on  the  impact  of 
polymer  conformation-guided  assembly  on  the  selective  dispersion  of  SWNTs. 
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Some  ^-conjugated  polymers  have  shown  to  exhibit  good  selectivity  toward  certain  SWNTs, 
which  are  summarized  in  Table  1.  Nicholas15  and  Kappe16  have  independently  reported  that 
fluorene-based  polymer  la  is  selective  to  (7,5)  and  (9,7),  while  2  is  selective  to  (10, 5). 16 
Nakashima  et  al.  report  that  nanotube  selectivity  can  be  influenced  by  changing  the  copolymer 
composition  ratio  (x:y  ratio  in  3).  Inclusion  of  other  segments  in  polyfluorene  appears  to  play  an 
important  role  in  modifying  the  selectivity.  For  example,  Nakashima  et  al.13  have  reported  that 
the  bipyridine-containing  co-polymer  4  exhibits  high  selectivity  to  the  small  diameter  (6,5)- 
SWNT,  in  contrast  to  3  that  selects  a  group  of  SWNTs  with  emission  at  ~  1500  nm  (by  Tange  et 
al.).18  Other  important  example  includes  regioregular  poly(3-methyl-4-decyl-thiophene-2,5-diyl) 
6,  which  can  enrich  semi- SWNTs  that  can  be  used  in  fabrication  of  transistors  and  solar  cells.19 
While  the  helical  wrapping  of  ^-conjugated  polymers  has  been  used  to  describe  the  polymer- 
nanotube  interaction,15  little  is  explored  in  using  the  helical  conformation  to  facilitate  the 
SWNTs  isolation. 


Table  1.  Separation  of  SWNTs  by  Selective  Dispersion  Using  Polymeric  Reagents 


Separated 

SWNTs 

Polymers  used 

comments 

ref 

(7.5) ,  (7,6), 

(10.5) ,  (9,7) 

a: 

b 

fQpj 

R  R 

1 

:R  =  n-C8H17; 

•  R  =  11-C12H25 

/SN 

N\  /N 

CaH17  C8H,7 

2 

enrich  SWNTs  to  about  60- 
90%  in  toluene  solvent. 

[15,16,] 

(7,5),  (7,6),  (8,6), 

(8,7),  (9, 7),  (10,3) 

Ctpu 

C10H2i  C10H2i 

3 

AA 

y 

C bulxy  cnaiiA 

as  the  ratio  x:y  decreases, 
the  selectivity  to  (7,5),  (7,6) 
and  (8,6)  decreases,  while 
the  selectivity  to  (8,7),  (9,7) 
and  (10,3)  increases. 

[17] 

(13,5),  (10,8), 
(14,3) 

c8h17  c8h17 

4 

A 

A  group  of  SWNTs 
with  emission  at  ~1500 
nm  are  enriched  in 
toluene  solvent. 

[18] 

(6,5) 

r  7 — (  \  .n.  ■, 

M  Vf  T 

1]  n 

C8Hi7  C8H17 

5 

upto  96%  enriched  in 
p-xylene  and  m-x ylene 
solvents. 

[13] 

semi-  SWNTs 

Me  C-10H21  Mex  C10H2i  Me  C10H2i 

JT\^s^X~y^s^Ci^ 

s'yT  s''yJT  s 

Me  C10H21  Me  C-iqH2i  6 

highly  selective 
dispersion  of  semi- 
SWNTs  enables  direct 
film  preparation  of 

S  WNT  s/polythiophenes 

[19] 
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1.0  Achieving  Diameter-Selective  Dispersion  of  SWNTs  by  Using  Water-Soluble 
Poly(phenylene  vinylene)  to  Control  Helical  Conformation  Cavity 

Sorting  SWNTs  by  diameters  is  a  useful  strategy,  as  it  can  separate  nanotubes  into  different 
groups.  Since  each  group  will  contain  fewer  SWNTs,  the  diameter-based  sorting  will  simplify 
the  problem  of  separating  SWNTs  into  individual  tubes  of  single  chirality.  In  order  to  use  the 
polymer  conformation  to  aid  the  diameter-sorting  process,  the  polymer  is  required  to  exhibit  the 
helical  conformation  that  provides  a  suitable  cavity  to  host  the  SWNTs  of  a  comparable 
diameter. 


9  (helical  conformation  of  7) 


Figure  1.  Structure  of  PmPVs  7  and  8,  and  proposed  respective  helical  conformations  9  and  10 
when  being  wrapped  on  a  (7,5)  SWNT.  The  inset  shows  the  parallel  and  perpendicular 
alignment  of  two  benzene  rings.  The  -OCH3  groups  in  10  are  pointing  inward  to  provide  a 
defined  cavity  size. 


Poly[(w-phenylenevinylene)-a/t-(p-phenylenevinylene)]  (P/hPV)  7  represents  an  interesting 
^-conjugated  polymer,  whose  backbone  exhibits  relative  flexibility  (Mark-Houwink  constant  a« 
0.85-1.0)  and  tends  to  adopt  a  helical  conformation  when  dispersing  SWNTs.  The  para- 
phenylene  units  of  PmPV  7  can  be  aligned  either  parallel  or  perpendicular  to  SWNT  surface 
(Figure  1)  as  a  modeling  study  suggests.  In  this  study,  the  polymer  conformation  is  tailored  to 
favor  the  perpendicular  alignment  of  the  71-conjugated  segments  to  SWNT  surface  (see 
conformation  10),  thereby  attenuating  its  n-n  interaction  with  SWNTs.  The  strategy  is  based  on 
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the  synthesis  of  PmPV  8,  which  bears  the  water-soluble  groups  to  promote  the  helical 
conformation  in  aqueous  solution.  In  sharp  contrast  to  PmPV  7  which  is  known  to  be  a  good 
dispersing  reagent  but  exhibits  little  selectivity  toward  metallic  SWNTs,21  PmPV  8  reveals 
drastically  improved  selectivity  in  sorting  the  SWNTs  on  the  basis  of  tube’s  diameters.22 


Results  and  Discussion 

The  water-soluble  PmPV  8  was  synthesized  by  using  Wittig  condensation  of  11  with 
isophthaldehyde  (Scheme  1).  'hi  NMR  of  PmPV  8  (Figure  2)  revealed  that  the  polymer  had  a 
regular  structure  as  proposed.  The  minor  aromatic  singlet  at  7.75  ppm  was  attributed  to  He,  while 
the  remaining  aromatic  and  vinyl  signals  occurred  as  a  broad  multiple  peaks  at  about  7.45  ppm. 
The  protons  of-CH20-  (at  4.24  ppm)  and  -OCH3  (at  3.94  ppm)  each  occurred  as  a  broad  single 

90 

peak,  indicating  that  the  vinylene  bonds  were  mainly  in  the  trans-con fi gurati on . 


Scheme  1 .  Synthesis  of  water-soluble  PmPV  8. 

Polymer  wrapping.  The  SWNTs  were  then  dispersed  by  using  PmPV  solution  in 
deionized  water.  In  a  typical  dispersion  procedure,  3  mg  of  SWNTs  sample  and  20  mL  of 
PmPV  in  deionized  water  solution  (concentration  =  26.2  mg/mL)  was  mixed,  and  the  mixture 
was  sonicated  at  0°C  for  one  and  half  hour.  The  supernatant  solution  was  then  separated  from  the 
sediment  by  centrifugation  at  7000  g. 

'll  NMR  of  the  supernatant  solution  revealed  that  the  polymer  in  SWNT/PmPV  had 
strong  interaction  with  SWNTs.  Upon  forming  complex  with  SWNTs,  the  methylene  protons 
Hb,  Hc  and  Hd  of  8  were  shifted  upheld  by  about  1  ppm  (Figure  2,  bottom  spectrum).  The 
observed  upheld  shift  from  protons  Hb-Hd  was  consistent  with  the  chain  assembly  arising  from 
polymer/SWNT  interaction,  as  the  free  acetone  signal  at  2.07  ppm  was  not  changed  in  the 
presence  of  SWNTs.  The  signal  of-OCFfj,  however,  was  not  detected.  The  signals  of  vinyl 
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and  phenyl  protons  were  dramatically  decreased,  indicating  the  intimate  chain  interaction  with 
SWNT  surface.  The  aromatic  protons  that  are  closely  associated  with  SWNTs  are  known  to 
become  undetectable,23  due  to  the  presence  of  paramagnetic  particle  in  SWNT  sample. 
Disappearance  of  -OCH3  signals,  but  not  Hb  (-OCH2-),  suggested  that  the  former  had  a  closer 
interaction  with  the  guest  SWNT  than  the  latter,  in  agreement  with  the  proposed  helical 
wrapping  model  as  shown  in  10  (Figure  1). 

water 


Figure  2.  1  FT  NMR  spectra  of  PmPV  8  (A)  and  its  complex  with  SWNTs  (B)  in  deuterated 
DMSO  solvent.  The  protons  are  labeled  by  letters  a-f.  In  the  bottom  spectrum,  one  drop  of  D2O 
was  added  to  slightly  shift  the  water  signal  away  from  the  -OCH2-  signal,  where  the  solvent 
suppression  at  3.49  ppm  resulted  in  a  lower  proton  intensity  at  3.41  ppm.  The  starred  signal  at 
2.07  ppm  was  due  to  trace  acetone  in  the  NMR  tube.  The  inset  is  the  expanded  region  for  proton 
(c)  of  spectrum  (B),  displaying  the  coupling  with  adjacent  protons. 

Spectroscopic  evidence  for  selective  SWNT  dispersion.  Raman  spectra  of 
SWNTs/PmPV  revealed  that  polymer  8  had  quite  high  selectivity  in  dispersing  (7,5)  SWNTs 
(Figure  3a),  in  sharp  contrast  to  PmPV  7.  Raman  spectra  measured  with  green  light  (k=5 14 
nm)  showed  that  the  metallic  (9,3)  SWNT  was  also  selected  by  the  polymer  (Figure  3b).  Plotting 
the  Raman  intensity  changes  for  each  SWNT  clearly  revealed  that  the  polymer  selectively 
enriched  the  SWNT  of  smaller  diameter  (d<0.9  nm,  Figure  4). 
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Figure  3  Raman  spectra  of  raw  SWNTs  and  SWNTs/PmPV  8  when  the  samples  were  excited 
with  a  laser  at  647  nm  (a)  or  a  laser  at  5 14  nm  (b). 
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Figure  4.  Relative  SWNT  population  change  by  using  PmPV  8 .  The  plot  is  constructed  by  using 
Raman  intensity  change  for  each  SWNT  shown  in  Figure  3. 


The  selectivity  was  further  observed  from  2D  fluorescence  spectra  (Figure  5).  The  signals 
from  SWNTs/PmPV  sample  were  quite  weak,  as  the  nanotubes  tended  to  precipitate  from  the 
supernatant  aqueous  solution  of  polymer/SWNTs.  The  small  diameter  (6,5)  SWNT  was  clearly 
enriched  in  the  SWNTs/PmPV  dispersion.  While  the  fluorescence  intensity  of  (7,5)  was  weaker 
than  that  of  (7,6)  SWNT  in  the  raw  sample,  the  signal  of  (7,5)  was  increased  to  a  comparable 
level  in  the  SWNTs/PmPV  complex,  in  agreement  with  what  was  seen  in  Raman.  It  appeared 
that  the  polymer  8  selectively  extracted  the  SWNTs  of  smaller  diameter,  (6,5)  and  (7,5)  SWNTs 
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(d=0.76  and  0.83  nm,  respectively).24,21  The  spectra  also  revealed  that  those  SWNTs  with 
relative  large  diameters,  such  as  (8,6)  and  (9,5)  (d=0.97  and  0.98,  respectively),  were  effectively 
removed. 
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Figure  5.  2D  photo  luminescence  (PL)  of  SWNT  samples  (excitation:  500-840  nm;  emission: 
912-1415  nm).  (a)  Raw  SWNTs  was  dispersed  with  addition  of  sodium  dodecylbenzene 
sulfonate  (SDBS)  (6%  in  water),  (b)  SWNTs  were  dispersed  by  using  PmPV  8  in  D2O. 


UV-vis-NIR  absorption  spectra  of  the 
supernatant  solution  provided  consistent  evidence 
that  the  polymer  selectively  enriched  (7,5),  (6,5), 

(8.4)  SWNTs  (Figure  6).  Clearly  the  water 
soluble  PmPV  8  exhibited  notable  selectivity 
toward  the  SWNTs  of  small  diameters. 

Interestingly,  the  sample  of  SWNT/(PmPV  8) 
was  depleted  of  the  (13,4)  SWNT  (see  Figure  3a), 
in  contrary  to  PmPV  7  which  slightly  enriches 

(13. 4) . 21  Drastic  difference  in  the  observed 
selectivity  pattern  demonstrates  the  great 
potential  to  achieve  SWNT  separation  via  control  of  the  polymer  conformation. 

Different  SWNTs  present  in  the  raw  sample  are  summarized  in  Table  1,  along  with  their 
respective  tube  diameters.  On  the  basis  of  the  observed  selectivity  toward  (6,5),  (7,5)  and  (9,3) 
SWNTs,  PmPV  8  appeared  to  have  high  tendency  to  host  the  small  tube  with  relative  narrow 


500  600  700  800  900  1000  1100  1200  1300 

Wavelength  (nm) 


Fig.  6.  UV-vis-NIR  absorption  spectra  of 
PmPV  8/SWNTs  in  water.  Raw  SWNTs 
were  dispersed  in  sodium  dodecyl¬ 
benzene  sulfonate  (SDBS)  surfactant. 
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range  of  diameters  (d=0.757  -  0.84  nm).  Meantime,  the  dispersion  of  SWNTs/(PmPV  8)  was 
depleted  of  the  SWNTs  with  larger  diameters  such  as  (10,3),  (9,5)  and  (12,6)  (d>0.936  nm). 

The  result  was  in  agreement  with  the  enhanced  conformation  as  shown  in  10,  as  the  inner  -OMe 
groups  reduce  the  cavity  size  that  matches  the  SWNTs  of  small  diameter. 

Table  1.  Distribution  of  HiPco  SWNTs  structure  and  diameter  in  the  studied  sample. 


SWNTs 

structures 

diameters 

(nm) 

SWNTs 

structures 

diameters 

(nm) 

(6,5)  (f)^ 
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(7,5)  (f  f.b.c 
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(8,7)  (i)*-c 
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(10,5)  U)c 
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(8,4)  (t )b’c 
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Note:  The  SWNTs  enriched  by  PmPV  8  are  indicated  by  a  up  arrows  (T),  while  those 
decreaseing  SWNTs  are  indicated  by  a  down  arrows  (i).  The  superscripts  a,b,c  denote  the 
supporting  evidence  for  the  observed  SWNT  enrichment:  a:  Raman;  b:  UV-NIR;  c:  2D- 
fluroscence. 

Proposed  polymer  wrapping  model.  The  remarkable  difference  between  7  and  8,  in 
terms  of  SWNT  selectivity,  could  be  partially  rationalized  by  considering  the  substituent  impact 
on  the  polymer  conformational  cavity.  Since  both  alkoxy  groups  in  PmPV  7  are  hydrophobic, 
7i-7i  interaction  with  SWNT  surface  becomes  an  important  factor.  The  /?ara-phenylene  in  7  thus 
can  be  rotated  to  adopt  the  parallel  interaction  with  SWNT  surface  as  shown  in  the  polymer 
conformation  9  (Figure  1).  The  assumption  is  in  agreement  with  the  experimental  observation 
that  the  absorption  /„max  of  7  in  THF  was  blue-shifted  by  ~7  nm  when  forming  the 
polymer/SWNTs  dispersion.25  As  a  consequence  of  the  parallel  alignment  ofpara-phenylene  to 
the  SWNT  surface,  the  conformational  cavity  becomes  larger.  A  wide  range  of  conformational 
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cavity  sizes,  corresponding  to  different  degrees  of /?ara-phenylene  rotation,  permit  PmPV  7  to 
host  SWNTs  of  various  diameters.  In  sharp  contrast,  PmPV  8  has  a  strong  preference  to  adopt 
the  conformation  10,  resulting  from  the  strong  interaction  between  water  and  the  hydrophilic 
substituents.  In  the  conformation  10,  the  methoxy  groups  are  forced  to  point  inwards  to  confine 
the  conformational  cavity,  while  forming  a  hydrophobic  pocket  for  SWNTs.  The  molecular 
modeling  by  using  HyperChem  software  showed  that  the  conformational  cavity  of  8  is  slightly 
larger  than  1  nm  (Figure  7a).  Upon  inserting  the  (7,5)  SWNT  (d=0.83  nm)  through  the  polymer 
conformational  cavity,  the  cavity  became  larger  in  the  aqueous  solvent,  partly  due  to  the  rotation 
of  the  methoxy  groups  (Figure  7b).  All  /?ara-phenylene  units  remain  to  be  perpendicular  to  the 
nanotube  axis,  as  the  conformational  cavity  size  is  adjusted  to  host  the  SWNTs  of  small 
diameters.  It  should  be  noted  that  the  water  soluble  polymer  plays  an  important  role  in  the 
diameter-based  sorting  process.  As  seen  from  Figure  7b,  the  polar  groups  of  PmPV  8  can 
interact  with  water  molecules,  while  the  inside  of  the  helical  conformation  forms  a  hydrophobic 
cavity.  This  could  create  a  water  pressure  to  squeeze  the  polymer  conformation,  thereby 
favoring  the  tube  of  small  diameter  such  as  (6,5)  SWNT. 


Figure  7.  Molecular  modeling  of  PmPV  8  in  a  helical  conformation  before  (a)  and  after  hosting  a 
(7,5)  SWNT  (b).  The  dotted  circle  (pink  color)  indicates  the  approximate  perimeter  of  (7,5) 
SWNT.  For  clarity,  the  (7,5)  SWNT  and  the  overlapping  phenylenevinylene  segment  are  shown 
in  orange  color,  and  the  surrounding  water  molecules  are  shown  by  thin  tubes. 
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2.0  Further  Tuning  Helical  Conformation  Cavity  by  Using  Carbon-Carbon  Triple  Bonds. 


As  shown  in  the  previous  section,  the  water-soluble  PmPV  8  showed  good  selectivity  toward 
the  tubes  of  small  diameter.  When  P/nPV  8  was  used  to  wrap  SWNT,  the  favorable  interaction 
was  to  place  the  /wa-phenylene  perpendicular  to  the  tube  surface  (as  shown  in  10,  Figure  1). 

The  alternative  approach  is  to  align  the  /?ara-phenylene  to  parallel  to  SWNT  surface  (as  shown 
in  structure  14),  while  maintaining  the  similar  size  of  the  conformational  cavity.  In  order  to 
examine  the  hypothesis,  PmPEpPE  12  was 
designed,  in  which  the  carbon-carbon  triple 
bonds  were  used  to  link  the  polymer  chain 
to  maintain  the  chain  rigidity.  In  the 
molecular  design,  two  polar  groups  were 
attached  on  the  /wa-phenylene  units,  in 
order  to  promote  the  parallel  alignment  of 
para-phenylene  along  the  tube  surface.  The 
freely  rotating  C=C  bond26  would  allow  the 
para-phenylene  to  quickly  adopt  the 
favorable  interaction  with  SWNT  surface. 

Results  and  Discussion 

Polymer  synthesis  and  sonication.  The  polymer  12  was  synthesized  by  Sonogashira 
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coupling  of  1,3-diethynylbenzene  with  l,4-dialkoxy-2,5-diiodobenzene  13  (Scheme  2),  using  a 
similar  literature  procedure  for  water  soluble  PPE.  The  C  NMR  of  PwPEpPE  12  detected  two 
acetylenic  carbons  at  92.7  and  83.7  ppm,  which  matched  well  with  the  reported  PwtPEpPE 
structure  in  literature.29  In  a  typical  procedure  for  nanotube  dispersion,  3  mg  of  SWNTs  sample 
were  dispersed  by  using  5  mg  of  PmPEpPE  in  20  mL  deionized  water.  The  solution  was 
sonicated  at  0  °C  for  one  and  half  hours,  followed  by  centrifugation  at  7000  rpm  for  two  hours  to 
remove  the  sediment  of  the  undispersed  SWNTs.  In  order  to  further  remove  the  catalyst  metal 
and  the  aggregation  of  wrapped  SWNTs,  the  supernatant  solution  was  further  centrifuged  at 
20000  rpm  twice  for  two  hours. 


S03Na 


S03Na 


Na03S' 


Pd(PPh4)2Cl2/CuI 

Et3N/DMF/H20 


f 

13 

(  R  =  ^-\^S03Na  ) 


Scheme  2.  Synthesis  of  PmPE/?PE  12.  The 
structure  14  (inset)  illustrates  the  helical 
wrapping  of  12  on  a  SWNT. 
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SWNTs  dispersion  characterization.  AFM  image  revealed  that  the  SWNTs  in  the 
dispersion  were  in  single  tube  (Fig.  8a),  indicating  that  polymer  12  was  an  effective  dispersing 
reagent.  2D  photoluminescence  (PL)  maps  of  SWNT  samples  were  acquired  (Fig.  9),  where  the 
chirality  of  SWNTs  was  assigned  according  to  literature.24  The  intensity  of  PL  peaks  for  small 
diameter  nanotubes  (6,5)  and  (8,3)  (d= 0.757  and  0.782  nm,  respectively)  were  increased  after 
dispersion  by  using  polymer  12.  Meanwhile,  the  peaks  of  large  nanotubes,  such  as  (8,6),  (9,5), 
and  (8,7)  (<*=0.966-1.032  nm),  were  removed  (Fig.  9b).  The  SWNT  (7,5),  (8,4),  and  (7,6) 
(d= 0.829,  0.840,  and  0.895  nm,  respectively)  were  found  with  lower  intensity.  The  changes  in 
PL  intensity  clearly  indicate  a  narrow  diameter  selectivity  when  using  polymer  12  in  dispersing 
SWNTs.  The  discrimination  between  (8,3)  and  (8,4)  SWNTs,  which  have  a  close  chiral  angel 
(with  merely  0.06  nm  difference  in  diameter),  demonstrates  the  remarkable  diameter  selectivity 
of  PPE  12. 


Figure  8.  AFM  image  of  SWNTs  dispersed  with  polymer  12  in  water  (a),  and  distribution  of 
tube  diameters  based  on  the  measurement  by  using  tapping  mode  (b). 
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Figure  9.  2D  photoluminescence  (PL)  map  of  SWNTs,  where  each  SWNT  is  indicated  by  its 
chiral  indices  ( n,m ).  (a)  Raw  SWNTs  were  dispersed  with  sodium  dodecylbenzenesulfonate 
(SDBS)  surfactant  in  D2O.  (b)  SWNTs  were  dispersed  by  using  PwPEpPE  in  D2O.  Chiral  indices 
(n,m)  of  each  SWNTs  are  shown,  (c)  the  PmPEpPE-dispersed  sample  was  redispersed  with 
SDBS  to  replace  the  polymer. 


The  UV-NIR  absorption  spectra  of  the  supernatant  solution  provided  consistent  evidence 
(Figure  10).  Dispersion  by  PmPEpPE  12  enriched  small  diameter  SWNTs  (8,3)  and  (6,5),  while 
discarding  larger  diameter  (8,4)  and  (7,6)  SWNTs.  The  population  of  tube  (7,5)  became 
relatively  low,  in  agreement  with  the  observation  from  the  2D  fluorescence  (Figure  9).  The 
absorption  peaks  of  SWNTs  appeared  to  be  broad,  as  a  consequence  of  interaction  between 
SWNT  and  wrapping  polymer.  Although  the  dispersion  in  DMSO  revealed  the  more  clear 
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absorption  of  (6,5)  SWNT  ,  the  water  appeared  to  be  a  better  solvent  since  the  dispersion  in 
DMSO  could  not  effectively  remove  (7,5)  SWNT. 


Wavelength  (nm) 

Figure  10.  Absorption  spectra  of  SWCNTs  dispersed  in  surfactant  SDBS  and  PmPEpPE  12.  The 
supernatant  solution  of  PmPEpPE/SWNTs  was  obtained  after  subjecting  to  high  speed 
centrifugation. 


Figure  11.  Raman  spectra  of  raw  nanotube  and  SWNTs/P/nPEpPE  dispersion  in  the  radial 
breathing  mode  (RBM)  region  (excitation  at  647  nm).  The  inset  is  the  G-band  region. 

The  RBM  and  G-band  regions  of  Raman  spectra  further  confirmed  the  nanotube’s  population 
changes  before  and  after  dispersing  by  PmPEpPE  (Figure  11).  The  (7,5)  SWNT  was  chosen  as  a 
reference  for  the  tube  population  change,  because  the  (6,5)  SWNT  was  not  observable  under  the 
laser  frequency  used  in  the  Raman.30  The  result  indicated  that  the  content  of  (8,3)  was  slightly 
increased  in  comparison  with  (7,5),  while  that  of  (7,6)  and  (10,3)  was  decreased.  The  relative 
content  of  each  peak  in  Raman  spectra  was  measured  by  comparing  the  ratio  of  their  integrated 


14 


intensity  (peaks  were  approximated  by  Lorentzian)  to  that  of  (7,5).27  The  result  clearly 

24 

indicated  that  the  PmPEpPE  selectively  enriched  small  diameter  nanotube  (8,3)  (0.782  nm), 
while  the  nanotubes  with  larger  diameter  ( d  >  0.829  nm) 24  were  deselected.  In  addition,  Raman 
G-band  (inset  in  Figure  1 1)  indicated  the  enrichment  of  semiconducting  nanotube,  which  was  in 
agreement  with  rejection  of  large  diameter  metallic  (13,4)  and  (12,3)  tubes  in  RBM  region.  In 
other  words,  dispersion  by  using  PmPEpPE  could  be  an  effective  strategy  to  purify  the  small 
diameter  semiconducting  SWNTs  in  aqueous  media. 

As  shown  in  14  (Scheme  2),  the  para-phenylene  segments  of  PmPEpPE  were  aligned  in 
parallel  to  SWNT’s  surface,  which  could  induce  orbital  interaction  to  affect  nanotubes  ’  optical 
response.  In  order  to  examine  the  effect  of  the  dispersing  polymer  on  fluorescence  response,  the 
isolated  SWNTs/PmPEpPE  was  sonicated  in  the  presence  of  SDBS  to  replace  the  nanotubes 
from  the  wrapping  polymer:  SWNTs/PmPEpPE  +  SDBS  — »  SWNTs/SDBS  +  PmPEpPE.  The 
fluorescence  of  the  SWNTs/PmPEpPE  and  SWNTs/SDBS  (Figures  9b  &  9c)  are  summarized  in 
Table  2.  The  wrapping  polymer  induced  a  small  spectral  shift  in  emission  wavelength  (AXcm  ~ 
20-30  nm),  due  to  the  n-n  interaction  between  the  tube  and  wrapping  polymer  chains.  In  Figure 
9c,  the  signal  from  (6,5)  SWNT  remained  to  be  the  most  intense  one.  Direct  comparison 
between  Figures  9a  and  9c  thus  further  confirmed  the  polymer’s  selectivity  toward  (6,5)  SWNT. 
The  Raman  peaks  of  the  SWNTs  in  SDBS,  however,  were  only  increased  by  2-3  wavenumber  in 
comparison  with  that  of  SWNTs/PmPEpPE.  The  observed  Raman  peak  shift  might  result  from 
the  tube’s  breathing  mode,  which  was  hindered  when  a  large  amount  of  SDBS  molecules  were 
accumulated  on  the  surface  of  a  SWNT. 


Table  2.  Fluorescence  of  different  chiral  SWN' 


(n,m) 

Purified 

SWNT  s/PmPEpPE 

Purified  SWNTs/SDBS  [a] 

AA,em 

(nm)  [c] 

Excitation 

(nm) 

Emission 

(nm)  [b] 

Excitation 

(nm) 

Emission 

(nm)  [b] 

(6,5) 

577 

993 

566 

973 

20 

(8,3) 

675 

975 

665 

945 

30 

(7,5) 

654 

1049 

645 

1020 

29 

(7,6) 

657 

1145 

646 

1115 

30 

(8,3) 

599 

1136 

587 

1110 

26 

in  P/bPE/jPE  and  in  SDBS. 


[a]  The  sample  is  prepared  by  redispersing  SWNT/PmPFpPF  in  SDBS. 

[b]  emission  reliable  range:  ±3  nm. 
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[c]  the  emission  wavelength  difference  between  purified  SWNT/PmPEpPE  and  purified 
SWNT/SDBS. 


All  spectroscopic  evidences  consistently  pointed  to  that  PmPEpPE  12  exhibits  good 
selectivity  toward  the  small  diameter  SWNTs  (6,5)  (Figure  12).  The  conclusion  of  enriching 
(6,5)  SWNT  was  consistent  with  the  tube  population  observed  in  AFM  (Figure  8b),  where  most 
tubes  have  the  diameter  between  0.7-0. 8  nm.  While  the  helical  conformational  cavity  of  12 
could  play  some  role,  the  diameter-selection  mechanism  by  using  polymer  conformation  alone 
could  not  explain  the  differentiation  of  SWCNTs  of  very  close  diameters.22  On  the  basis  of 
fluorescence  and  Raman  intensity  (Figures  8  &  9),  the  polymer’s  selectivity  to  (6,5)  was  slightly 
higher  than  (or  at  least  equal)  to  (8,3),  which  in  turn  was  higher  than  to  (7,5).  The  polymer’s 
ability  to  differentiate  SWNTs  of  close  diameter,  such  as  the  (6,5)  (d=0.151)  from  (8,3)  (<7=0.782 
nm),  (9,2)  (<7=0.806  nm)  and  (7,5)  (<7=0.829  nm),  strongly  suggests  that  the  observed  selectivity 
involved  the  electronic  interaction  between  the  wrapping  polymer  and  SWNTs. 


Figure  12.  Chirality  maps  of  SWNTs  showing  that  small  diameter  nanotubes  (red  bold  circle) 
were  enriched  by  PPE  wrapping,  and  the  large  diameter  nanotube  (dotted  blue  circle)  were 
decreased. 


Computational  Analysis  of  Molecular  Interaction.  In  order  to  shed  some  light  on  the 
intriguing  selectivity  process,  the  polymer-SWNT  interaction  was  investigated  by  using 
empirical  force-field  based  molecular  dynamics  and  dispersion-corrected  density-functional 
calculations.  A  detailed  molecular  dynamics  simulation  study  confirmed  that  the  polymer  12 
readily  wraps  around  the  SWNTs.  The  helical  conformation  of  12  provided  a  natural  helical 
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cavity  that  hosts  the  SWNT  of  a  suitable  diameter  for  intimate  orbital  interaction  (Figure  13,  and 
structure  14  in  Scheme  2). 

To  examine  the  polymer’s  affinity  to  different  SWNTs,  dispersion-corrected  density- 
functional  theory  was  employed  to  gain  further  insight  into  the  polymer-nanotube  interaction 
mechanism.  The  binding  energy  was  calculated  from  the  first-principles  calculations  for 
optimized  composite  and  separate  structures  of  nanotube  and  polymer  12:  E  =  F'h/swnt  -  Eswnt  - 
En  ,  where  Ei2/swnt  is  the  total  energy  of  the  composite,  -Eswnt  is  the  energy  of  the  nanotube 
without  polymer  wrapping,  and  En  is  the  energy  of  the  polymer  12  without  the  nanotube.  In 
other  words,  the  binding  energy  can  be  calculated  as  the  difference  between  the  energy  of 
optimized  composite  structure  and  the  energy  of  separated  nanotube  and  polymer  12.  The  result 
shows  that  the  polymer-nanotube  complex  12/(6, 5)  has  a  binding  energy  of  -2.989  eV,  which  is 
stronger  than  the  nanotube  complexes  12/(6, 6)  and  12/(7, 5)  (binding  energies  -2.914  and  -2.974 
eV  respectively). 

The  calculated  interaction  between  polymer  12  and  graphene  revealed  that  the  PPE  backbone 
acts  as  charge  donor,  while  the  side  chain  sulfonyl  group  acts  as  charge  acceptor.  The  extracted 
charge  density  of  HOMO-and  LUMO-derived  bands  was  shown  in  Figure  13,  revealing  the 
enhanced  interaction  between  polymer  12  and  (6.5)  SWNT.  The  extracted  binding  energy  for 
(6,5),  (6,6),  and  (7,5)  demonstrated  that  (i)  the  smaller  diameter  (6,5)  was  energetically  preferred 
over  the  slightly  larger  semiconducting  (7,5)  tube  (by  0.015  eV  per  phenyleneethynylene  (PE) 
unit),  and  (ii)  for  metallic  (6,6)  and  semiconducting  (7,5)  tubes  with  virtually  the  same  diameter, 
the  semiconducting  tube  was  energetically  preferred  (by  0.060  eV  per  PE  unit).  These  results 
support  the  experimental  findings  that  the  metallic  tubes  were  deselected  as  compared  to  the 
semiconducting  tubes,  while  the  smaller  semiconducting  (6,5)  tube  was  favored  over  other 
semiconducting  tubes. 

The  observed  selectivity  of  semiconducting  tubes  over  the  metallic  ones  was  attributed  to  the 
differences  in  the  hybridization  of  HOMO  and  LUMO-derived  bands  of  polymer  12.  ’  ’  As 
seen  from  Figure  13,  the  HOMO-derived  band  from  semiconducting  tubes  displayed  much 
stronger  hybridization  than  that  from  the  metallic  counterpart.  On  the  other  hand,  for  the 
LUMO-derived  bands,  (6,5)  showed  stronger  hybridization  than  (7,5),  which  was  attributed  to  a 
quantum  registry  effect  in  that  the  band  gap  of  (6,5)  matched  better  with  the  HOMO-LUMO  gap 
of  about  1  eV  for  polymer  12. 31,6 
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I  lOMO-derived  band 
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Figure  13.  Extracted  charge  density  of  HOMO-  and  LUMO-derived  bands  of  polymer  12 
helically  wrapped  on  (6,5),  (6,6),  and  (7,5)  SWNTs,  respectively.  The  pink  and  green  colors 
represent  the  positive  and  negative  components  of  the  wave  function,  respectively. 
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Figure  14.  Charge  density  plots  of  HOMO-  derived  bands  of  polymers  12, 15,  and  16  on 
graphene.  The  wave-function  components  are  distinguished  with  blue  and  yellow  colors, 
respectively. 


In  comparison  with  12,  the  polymer  15  of  linear  geometry  also  forms  the  donor-acceptor 
complex  resulting  in  enhanced  interactions  with  graphene  or  carbon  nanotubes.  However,  the 
charge  density  distributions  reveals  distinctive  electron  donating  behavior  between  polymers  15 
and  12.  Specifically,  the  charge  density  of  the  highest-occupied  molecular  orbitals  (HOMO)  is 
confined  at  the  1-4  benzene  rings  of  polymer  12,  in  sharp  contrast  to  the  uniformly  distributed 
electron  donating  contributions  in  polymer  15  (Figure  14).  Polymer  12  thus  exhibits  a  distinct 
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advantage  in  selective  dispersion  of  SWNTs,  because  the  presence  of  meta-phenylene  unit 
provides  not  only  a  desirable  bent  angle  for  the  flexible  helical  wrapping,  but  also  a  segmented 
charge  transfer  for  ensuing  donor-acceptor  interactions. 

Conclusion 

In  conclusion,  a  water  soluble  polymer  PmPEpPE  was  synthesized,  in  which  the  meta- 
phenylene  unit  introduced  a  bent  angle  along  the  polymer  backbone  to  facilitate  the  helical 
conformation.  In  aqueous  solution,  the  polymer  was  found  to  disperse  SWNTs  with  good 
selectivity  toward  the  (6,5)  and  some  selectivity  toward  (8,3)  SWNTs  (see  Figure  9),  which  have 
the  small  diameters  (<7=0.757  and  0.782  nm,  respectively).  The  intriguing  selectivity  was  partly 
due  to  the  helical  conformation  of  polymer  backbone,  whose  cavity  size  could  act  as  pre-sort 
mechanism  to  select  the  tubes  of  small  diameters  (Figure  12).  The  SWNTs  of  similar  diameters 
were  further  differentiated  by  interaction  with  the  local  phenyleneethynylene  (PE) 
chromophores,  whose  assembly  was  guided  by  the  helical  conformation  and  assisted  by  the  low 
rotational  barrier  of  C=C  bonds.  Selective  dispersion  of  small  diameter  (6,5)  SWNT  illustrated 
that  the  synergistic  effect  of  the  quantum  registry  and  the  helical  conformation  cavity  could  be  an 
effective  tool  to  aid  the  SWNTs  sorting.  Clearly,  the  PmPEpPE  12  was  superior  to  its  vinylene 
analogue  8  in  terms  of  selective  SWNT  dispersion,22  as  the  /?ara-phenylenevinylene  unit  in  12 
was  aligned  parallel  to  SWNT  surface  (in  contrast  to  the  perpendicular  alignment  in  8,  see 
structure  10  in  Figure  1  and  structure  14  in  Scheme  2).  Integration  of  a  size  control  mechanism 
(via  polymer  conformation  here)  with  a  suitable  molecular  interaction,  therefore,  could  offer  a 
promising  strategy  to  aid  the  isolation  of  a  specific  SWNT. 
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3.0  Copolymer  of  PPV-PPE 


It  should  be  noted  that  most  of  the  selective  dispersion  by  using  ^-conjugated  polymers  were 
carried  out  in  organic  solvents  (Table  1).  As  seen  in  the  previous  sections,  the  diameter-based 
selectivity  could  be  obtained  by  using  poly[(w?-phenylenevinylene)-a/t-(p-phenylenevinylene)] 
(PmPV)  8  and  poly[(m-phenyleneethyny1ene)  -a/t-(/?-phenylenevinylene)]  (PmPEpPE)  12,  which 
favored  the  small  diameter  tube  such  as  (6,5)  SWNT.  The  aromatic  rings  along  the  polymer 
backbone  of  PmPV  8  are  linked  by  vinylene  bonds  (-CH=CH-),  while  that  of  P/nPEpPE  12  are 
linked  by  acetylene  bonds  (-C=C-).  An  interesting  question  was  whether  the  hybrid  polymer 
PPE-PPY  could  also  exhibit  some  selectivity. 


(Wt 


RQ 


Scheme  3.  (a)  Chemical  structures  of  PwtPV  and  PPE-PPV.  (b)  Overlay  of  PmPV  (grey  color) 
and  PPE-PPV  (blue  color)  oligomers  in  helical  conformations,  showing  that  the  PPE-PPV  has  a 
slightly  larger  conformation  cavity.  The  thick  arrows  point  to  the  phenyl  groups  that  can  rotate 
to  vertical  position. 

'J'l  'J  A 

The  PPE-PPV  copolymer  (Mw  -22,000)  was  synthesized  as  described  in  literature.  ’ 
Dispersion  of  HiPco  raw  SWNTs  was  accomplished  by  sonication,  using  PPE-PPV  at  0°C  in 
THF  solvent.  Raman  analysis  of  the  supernatant  revealed  that  the  dispersion  enriched  SWNTs 
with  a  larger  diameters,  such  as  (1 1,7)  with  d=  1.24  nm  (Figure  15a).  In  addition,  PPE-PPV 
exhibited  some  notable  selectivity  towards  SWNT  (7,5),  as  the  Raman  spectra  revealed  (Figure 
15b,  excitation  at  647  nm). 
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Figure  15.  RBM  mode  of  Raman  spectra  of  SWNTs/PPE-PPV  in  THF  when  excited  at  647  nm 
(a)  and  514  nm  (b),  respectively.  The  Raman  of  raw  SWNTs  was  acquired  from  its  solid. 

In  comparison  with  PmPV  7  in  THF,21  PPE-PPV  exhibited  better  selectivity  in  the  same 
solvent,  indicating  that  the  carbon-carbon  triple  bond  (-C=C-)  played  a  positive  role  to  improve 
the  selectivity.  The  selectivity  of  PPE-PPV  to  SWNTs  in  THF,  however,  was  relatively  poor,  in 
comparison  with  water-soluble  PmPV  8  (Figure  3)  and  P/nPEpPE  12  (Figure  1 1)  in  aqueous 
solution.  The  observation  further  confirmed  that  separation  in  an  aqueous  media  could  have 
advantages  as  the  hydrophobic  cavity  of  the  polymer’s  conformation  could  be  compressed  to 
enhance  the  selectivity  toward  the  tubes  of  the  small  diameters.  In  an  organic  solvent,  the 
polymer  backbone  would  be  relatively  relaxed,  whose  relative  large  conformational  cavity  might 
be  in  favor  of  a  tube  of  larger  diameter  as  observed  from  the  PPE-PPV  copolymer. 

3.1  Narrow  Distribution  of  SWNTs  by  Using  Nitric  Acid  Treatment  and  Polymer 
Dispersion 

As  shown  above,  the  PPE-PPV  copolymer  exhibited  some  selectivity  toward  tubes  of 
relatively  large  diameter.  When  coupling  with  the  other  methods  that  could  remove  the  SWNTs 
of  small  diameters,  it  was  possible  to  obtain  the  enriched  sample  with  few  SWNTs  of  relatively 
larger  diameters.  This  strategy  was  illustrated  in  Scheme  3,  where  the  SWNTs  from  a  HiPco 
sample  were  sorted  into  different  groups  by  their  diameters.  In  the  first  step,  the  SWNTs  could 
be  presorted  by  their  diameters.  And  the  fraction  of  the  large  diameter  SWNTs  could  be  further 
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enriched  by  PPE-PPV  (Step  Two)  to  obtain  a  sample  with  narrow  chirality  distribution  (i.e.  fewer 
SWNTs). 


d  0.84  mil 

-« - ► 
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Scheme  3.  Schematic  illustration  to  obtain  SWNTs  of  narrow  diameter  distribution  by  using  a 
two-step  approach. 


In  collaboration  with  researchers  at  NASA  Glenn  Research  Center,  a  simple  chemical 
process  was  found  to  obtain  a  relatively  pure  sample.  In  the  first  purification  step,  the  raw 
SWNTs  (about  0.5-1  g)  prepared  from  HiPco  process  were  treated  with  aqueous  HNO3  (2.6  M, 
300  mL)  under  reflux  conditions  to  afford  SWNTs  I  in  -30%  yield.21  Interestingly,  majority  of 
semiconducting  SWNTs,  including  (10,3),  (7,5)  and  (8,3)  species,  were  removed,  as  observed 
from  Raman  spectra  (Figure  16a).  UV-vis  absorption  spectra  (Figure  17)  further  confirmed  the 
Raman  observations,  since  the  nitric  acid-treated  sample  SWNTs  I  revealed  much  lower 
absorption  between  1050-1350  nm  which  was  associated  with  the  semiconducting  (7,5)  and  (8,3) 
SWNTs. 7  The  nitric  acid  treatment,  therefore,  selectively  removed  the  SWNTs  of  smaller 
diameter:  (8,3),  (7,5)  and  (10,3)  SWNTs  (d=0.78,  0.83  and  0.93  nm,  respectively).21,24  The 
metallic  (12,3)  and  (13,4)  SWNTs  with  respective  tube  diameter  1.077  and  1.206  nm,  however, 
were  not  affected.  Raman  analysis  of  the  sample  series  with  green  laser  excitation  at  5 14  nm 
displayed  a  consistent  pattern  (Figure  16b),  showing  that  the  nitric  acid  removed  the  small- 
diameter  (9,3)  and  (8,5)  SWNTs  (with  diameter  0.84  nm  and  0.89  nm,  respectively). 
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Figure  16.  Raman  spectra  of  SWNT  samples  in  radial  breathing  mode  (RBM)  region  at  647  nm  (a)  514 
nm  excitation  (b).  The  as-prepared  raw  SWNTs  were  subsequently  treated  with  HN03  (SWNTs  I)  and 
wrapped  by  PPE-PPV  polymer  (SWNTs  II). 


Figure  17.  UV-vis  absorption  spectra  of  dispersed  SWNTs  in  THF. 


High  resolution  TEM  (Figure  18)  further  revealed  that  nanotubes  in  SWNTs  I  were  bundled.  The 
tube  diameters  were  found  between  1-1.2  nm,  in  agreement  with  the  observation  from  Raman  spectra. 

The  result  was  in  sharp  contrast  to  using  concentrated  H2S04/HN03  (ratio  1:9,  with  97%  H2S04  and  60% 
HN03)  at  room  temperature,  which  was  reported  to  selectively  react  with  metallic  SWNTs  of  smaller 
diameter  (less  than  1.1  nm).35  A  possible  explanation  is  that  the  dilute  HN03  generated  low  concentration 
of  N02+,  which  selectively  reacted  with  the  small-diameter  SWNTs.  The  observed  higher  reactivity  of 

'It*  'Xl 

the  small-diameter  SWNTs  could  be  attributed  to  their  increased  curvature  strain,  ’  ’  in  comparison 
with  the  relative  lower  reactivity  of  larger  diameter  nanotubes. 


23 


Figure  18.  High  resolution  TEM  images  of  SWNTs  I.  The  sample  contains  bundled  SWNTs  (left 
image),  and  the  individual  tube  (right  image). 


The  intriguing  chemical  selectivity  of  HN03  toward  different  (n,m)  SWNTs  was  further 
examined  by  photo  luminescence  (PL)  spectra.  Figure  19  showed  the  2D-PL  mapping  of  the  dissolved 
SWNTs  in  THF,  where  the  SWNTs  were  assigned  according  to  literature.24  Nitric  acid  treatment 
removed  nearly  all  the  small  diameter  tubes  (d<0.9  nm,  see  Table  3),  including  the  major  semiconducting 
species  (8,4)  and  (7,6)  SWNTs.  The  result  complements  the  finding  from  the  Raman  spectra  (Figure  16), 
demonstrating  that  the  nitric  acid  selectively  reacted  with  both  semiconducting  and  metallic  SWNTs  of 
small  diameters. 


Figure  19.  2D  photoluminescence  (PL)  of  SWNTs  samples  in  THF  (excitation:  500-840  nm;  emission: 
912-1415  nm).  Raw  SWNTs  was  dispersed  with  addition  of  sodium  dodecylbenzene  sulfonate  (SDBS) 
surfactant  (65%  in  water). 
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Selective  polymer  dispersion.  The  SWNTs  I  were  then  treated  with  PPE-PPV  (Mw=3 1,000, 
PDI=4.6)  which  was  synthesized  as  described  previously.  In  a  typical  dispersion  procedure,  3  mg 
of  SWNTs  I  sample  and  20  mL  of  THF  was  sonicated  for  3  hours.  Then  50  pL  of  PPE-PPV  in 
THF  solution  (concn  =  26.2  mg/mL)  was  added  to  the  SWNTs  suspension,  and  the  mixture  was 
sonicated  at  0°C  for  an  additional  1  hour.  The  supernatant  solution  was  separated  from  the 
sediment  by  centrifugation  at  7000  g.  Raman  analysis  of  the  resulting  supernatant  solution 
showed  that  the  (13,4)  and  (1 1,7)  in  SWNTs  I  were  separated  from  the  (12,3)  SWNT  (Figure 
16).  The  sediment  sample  was  found  to  contain  enriched  (12,3)  SWNT,  further  confirming  the 
separation.  The  enriched  (1 1,7)  SWNT  was  also  observable  from  the  absorption  spectrum  (Xmax 
at  -1525  nm,  Figure  17),  where  the  absorption  peak  was  assigned  according  to  the  literature.24,39 
The  absorption  band  at  -1397  nm,  which  was  assigned  to  (1 1,6)  SWNT  (d=1.186  nm),24  was 
relatively  less  affected.  2D  fluorescence  spectra  (Figure  19b-c)  revealed  that  PPE-PPV  treatment 
further  purified  the  sample  by  selectively  removing  (8,6)  SWNT.  Due  to  the  instrument 
limitation,  we  were  not  able  to  detect  the  (1 1,7)  SWNT  from  the  fluorescence  spectrum,  since  its 
emission  is  at  -1520  nm  (out  of  the  instrument  scan  range).  The  results  revealed  a  striking 
pattern  that  the  reported  approach  led  to  a  SWNTs  sample  with  very  narrow  distribution  of 
diameter,  which  is  1.24  nm  and  1.20  nm  for  (1 1,7)  and  (13,4)  SWNTs,  respectively.  Therefore, 
the  combination  of  the  treatment  by  nitric  acid,  followed  by  dispersion  with  PPE-PPV,  provided 
an  effective  approach  to  obtain  the  sample  that  was  mainly  consisting  of  (13,4)  and  (1 1,7). 

Raman  analysis  further  revealed  that  the  chemical  reaction  increased  the  intensity  of  D-band 
due  to  the  reaction  on  the  nanotubes,  and  decreased  the  intensity  for  tangential  mode  (G-band) 
due  to  loss  of  electronic  resonance  (Figure  20).  Polymer  treatment  by  using  PPE-PPV,  however, 
removed  those  defective  tubes  of  smaller  diameters.  The  result  showed  that  the  polymer 
wrapping  was  a  necessary  step  in  achieving  the  desirable  separation  and  removing  those 
defective  tubes. 


25 


Figure  20.  Raman  spectra  of  SWNT  samples  in  tangential  mode  (G-band)  and  disorder-related 
mode  (D-band)  at  647  nm  excitation).  The  as-prepared  raw  SWNTs  were  subsequently  treated 
with  HNO3  (SWNTs  I)  and  wrapped  by  PPE-PPV  polymer  (SWNTs  II). 


Table  3.  Distribution  of  HiPco  SWNTs  structure  and  diameter  in  the  studied  sample. 


SWNTs 

structures 

Tube 

diameters 

(nm) 

SWNTs 

structures 

Tube 

diameters 

(nm) 

(6,5)-sca 

0.757 

(10,  3)-.vc 

0.936 

(8,3)-sc 

0.782 

(8,6)-sc 

0.966 

(7,5 )-sc 

0.829 

(9,5)-5c 

0.976 

(9,3  )-metb 

0.84 

(8,7)-sc 

1.032 

(8,4  )-sc 

0.840 

(\2,3)-met 

1.077 

(8,5  )-met 

0.89 

(9,7  )-sc 

1.103 

(10,2  )-sc 

0.884 

(12,4  )-sc 

1.145 

(7 ,6)-sc 

0.895 

(11 ,6)-sc 

1.186 

(9,4  )-sc 

0.916 

(13,4  )-met 

1.206 

( \\,l)-sc 

1.248 

a,b  the  “sc  ”  and  “met” denote  semiconducting  and  metallic  tubes,  respectively. 
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Figure  21.  AFM  images  obtained  in  tapping  mode,  (a)  A  profile  along  an  individual  SWNT, 
where  the  dashed  line  shows  the  1 .3  nm  height,  (b)  Surface  images  of  the  SWNT,  where  the 
black  line  indicates  the  cross-section  direction  along  the  tube.  The  inset  image  shows  the 
dimension  of  the  same  SWNT. 


An  atomic  force  microscopy  (AFM)  image  of  the  SWNT/PPE-PPV  sample  from  the 
supernatant  solution  revealed  that  the  SWNT  sample  was  dispersed  as  single  tube  (Figure  5). 
AFM  profilometry  (in  tapping  mode)  along  the  lengthwise  SWNT  direction  gave  a  height  profile 
of  regular  pattern,  indicating  that  the  nanotube  was  wrapped  section  by  section  with  multiple 
polymers  chains.  From  the  minimum  height  of  the  profile,  the  diameter  of  the  wrapped  nanotube 
was  estimated  to  be  ~1.3  nm,  which  was  in  agreement  with  the  diameter  of  ~1.2  nm  reported  for 
(13,  4)  and  (11,7)  SWNTs. 

The  observed  narrow  selectivity  toward  the  (13,4)  and  (1 1,7)  SWNTs  could  be  related  to  the 
polymer’s  ability  to  adopt  a  suitable  helical  conformation  for  intimate  polymer  interaction  with 
larger-diameter  nanotubes.  Molecular  modeling  study  showed  that  the  phenyl  rings  in  the 
phenyleneethynylene  (PE)  segments  could  be  rotated  easily  around  the  -C=C-  bond  due  to  its 
low  rotational  energy  barrier.31,32  As  a  consequence,  the  phenyl  rings  in  the  PE  segments  can 
adopt  the  parallel  alignment  along  the  nanotube  surface  (Figure  22),  thereby  resulting  in  a  more 
favorable  n-n  interaction.  The  modeling  results  also  showed  that  the  natural  conformational 
cavity  from  PPE-PPV  was  sufficiently  large  to  match  the  size  of  (13,  4).  The  results  were 
consistent  with  the  observations  that  the  PPE-PPV  had  favorable  interaction  with  large  diameter 
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tubes  (13,4)  and  (1 1,7)  (see  Raman  spectra  in  Figure  15),  since  those  tubes  with  smaller 
diameters  (d<  1.14  nm)  would  be  too  loosely  fitted  into  the  conformational  cavity.  The  ability  of 
PPE-PPV  to  adopt  a  natural  helical  conformation  with  enhanced  parallel  n-n  interaction  for 
SWNT,  in  addition  to  proper  diameter  match,  was  thought  to  play  a  crucial  role  in  the  observed 
selectivity.  The  assumption  was  consistent  with  the  finding  that  the  polymer-dispersed  SWNTs 
were  in  an  individual  tube  (see  AFM  in  Figure  21). 


Figure  22.  Molecular  modeling  of  PPE-PPV  tetramer  (n=4)  in  front  (a)  and  side  view  (b), 
showing  a  helical  conformation  with  proper  cavity  size  (~2.0  nm)  to  host  (13,4)  SWNT.  For 
clarity,  the  tube  is  shown  in  orange  color. 

In  summary,  we  have  demonstrated  that  a  narrow  diameter  range  of  SWNTs,  i.e.  (13,4)  and 
(1 1,7)  (d=  1.23- 1.24  nm),  could  be  isolated  by  using  a  sequential  treatment  with  nitric  acid, 
followed  by  PPE-PPV  polymer  dispersion.  The  nitric  acid  selectively  removed  the  tubes  with 
small  diameters,  while  the  dispersion  by  using  PPE-PPV  in  THF  further  enriched  the  tube  of 
relative  large  diameters.  The  polymer’s  selectivity  toward  the  larger  tubes  was  associated  with 
its  ability  to  form  a  unique  helical  conformation  around  the  SWNTs.  The  overall  diameter-based 
sorting  process  was  summarized  into  Figure  23,  where  the  (n,m)  SWNTs  in  the  sample  are 
circled.  Nitric  acid  removed  the  small  diameter  tubes  (yellow  color)  selectively,  while  the 
remaining  SWNTs  are  sorted  into  two  groups  (green  and  blue  colors). 
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Figure  23.  Chality  maps  of  SWNTs  showing  that  small  diameter  tubes  (yellow  color)  were 
removed  by  HNO3.  And  the  remaining  SWNTs  (green  and  blue  colors)  were  sorted  by  PPE-PPV 
wrapping. 

It  should  also  be  noted  that  the  “nitric  acid  and  PPE-PPV”  method  separated  the  largest 
tubes  in  the  HiPco  sample  (see  (13,4)  and  (1 1,7)  in  Table  3),  while  the  water  soluble  polymer 
PwtPEpPE  12  could  be  used  to  enrich  (6,5)  SWNT  (the  smallest  tube  in  HiPco  sample).  The 
results  clearly  demonstrated  that  the  cavity  of  the  polymer’s  natural  helical  conformation  could 
be  tailored  to  match  the  diameter  of  SWNTs,  thereby  facilitating  their  separation.  The  SWNTs 
could  then  be  released  from  the  wrapping  polymer  after  purification,  thereby  leading  to  a  useful 
strategy  to  access  SWNTs  of  specific  diameters  for  material  property  studies. 
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4.0  Separation  of  Metallic  SWNTs  by  Using  Poly(ethyleneimine) 

Over  the  past  few  years,  few  strategies  have  been  found  to  achieve  the  separation  of  met- 
SWNTs  from  semz-SWNTs,  which  include  dielectrophoresis,40  density  gradient 
ultracentrifugation,41’42  gel  electrophoresis,43  and  single-stranded  DNA  (ssDNA) 44  All  of  these 
methods,  however,  suffer  from  either  scalability,  or  poor  separation  efficiency,  or  both.  The 
challenge  remains  in  searching  for  an  effective  and  simple  separation  method  that  has  potential 
to  operate  on  a  practical  large  scale. 

Column  chromatography  is  one  of  the  traditional  separation  methods,  which  are  widely  used 
in  the  laboratory  and  drug  industry  for  purification  of  organic  chemicals.  Few  studies  have  been 
reported  in  developing  the  chromatographic  methods  for  SWNTs  purification.  Recently, 
Moshammer  et  al.43  successfully  separated  met-  and  semi- SWNTs  by  using  an  allyl  dextran- 
based  size-exclusion  gel.  Kataura  et  al.10  further  showed  that  single-chirality  separation  of  semi- 
SWNTs  can  be  achieved  by  using  an  allyl  dextran-based  gel.  Although  the  gel  chromatography 
can  separate  semi-  from  met- SWNTs,  it  can  not  differentiate  different  met-SWNT  species.10  In 
addition,  the  gel  chromatography10  requires  the  use  of  a  sequence  of  columns,  which  give  the 
SWNTs  in  very  dilute  solution.  In  order  to  make  the  pure  SWNT  to  be  accessible  in  every 
laboratory,  it  is  desirable  to  develop  a  low  cost  column  chromatography,  as  it  involves  only  a 
simple  experimental  set-up.  In  the  effort  to  search  for  a  column  packing  materials,  we  have 
examined  the  polyethyleneimine  (PEI)-modified  cellulose,  which  could  be  used  for  easy 
separation  of  the  met-SWNTs. 

The  branched  polyethyleneimine  (PEI)  (Mw~600,  purchased  from  Aldrich)  was  thus  used  to 
disperse  the  HiPco  SWNTs  in  water  by  sonication  at  0  °C  for  two  hours.  The  resulting  dispersion 
was  subjected  to  centrifugation  at  7000  g  for  two  hours,  in  order  to  remove  the  sediment  of 
undispersed  SWNTs.  Raman  spectra  of  the  SWNTs/PEI  dispersion  (Figure  24)  revealed  that 
semi -SWNTs  were  enriched,  indicating  that  PEI  exhibited  higher  affinity  to  ,vem/-SWNTs.  The 
finding  was  not  trivial,  as  previous  studies  had  shown  that  a  primary  amine  could  exhibit 
selective  affinity  toward  either  metallic45  or  semiconducting  SWNTs,46’47  depending  on  the 
specific  amine  and  conditions  used.  Photo  luminescence  of  SWNTs/PEI  further  revealed  that  the 
polymer  was  selective  toward  certain  semi- SWNTs,  including  (7,6)  and  (8,6)  SWNTs  (Figure 
25). 
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- SWNTs/PEI 


Figure  24.  Raman  spectra  of  raw  SWNTs  and  SWNTs/PEI  dispersion  (excited  with  647  nm 
laser). 
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Figure  25.  2D  photoluminescence  of  SWNTs  dispersed  with  SDBS  (a)  and  PEI  (b)  in  D2O. 


Encouraged  by  the  finding  that  the  PEI  can  selectively  disperse  semi- SWNTs,  the  PEI  was 
incorporated  onto  the  phosphorylated  cellulose  which  was  synthesized  by  using  a  literature 
procedure.48  In  the  experiment  design,  the  branched  polyethyleneimine  (PEI)  was  absorbed  onto 
a  phosphorylated  cellulose  (Figure  26).  While  the  more  basic  secondary  and  tertiary  amines 
could  be  used  for  binding  with  phosphoric  groups,  the  dangling  primary  amines  on  PEI  were 
available  for  interaction  with  SWNTs.  It  was  assumed  that  the  primary  amine  groups  on  the 
surface  of  cellulose  could  interact  more  strongly  with  semi- SWNTs,  thereby  retaining  the  semi- 
SWNTs  on  the  column  while  allowing  the  /wet- SWNTs  to  move  out  with  the  mobile  phase 
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(Figure  26).  It  should  be  noted  that  the  polymeric  amines  on  PEI  have  the  following  advantages 
over  a  small  molecule  amine.  First,  the  polymeric  amines  can  hold  the  selected  SWNTs  onto  the 
stationary  phase  to  allow  direct  separation  from  those  non-selected  SWNTs  in  the  mobile  phase. 
Second,  when  the  SWNTs  in  the  mobile  phase  pass  through  a  stationary  phase  containing 
amines,  the  SWNTs  can  interact  with  the  dangling  amines  for  multiple  times  as  the  tubes  are 
moving  through  the  column,  thereby  greatly  increasing  the  separation  efficiency  for  different 
SWNT  species. 


Phosphorylated-Cellulose  Phosphorylated-Cellulose 

(a)  (b) 


Figure  26.  (a)  Structure  of  PEI-cellulose  where  polyethyleneimine  (PEI)  is  absorbed  on  the 
phosphorylated  cellulose,  (b)  and  the  top  section  of  (a)  are  schematic  illustration  of  SWNT 
separation.  First,  SWNTs  dispersed  in  SDBS  surfactant  are  loaded  on  the  front  of  PEI  column. 
Second,  under  the  water  flow,  met-SWNTs  are  moving  with  the  mobile  phase  while  semi- 
SWNTs  are  holding  relatively  tight  on  the  column. 

A  sample  of  raw  SWNTs  (~3  mg)  from  HiPco  process  was 
dispersed  in  sodium  dodecylbenzene  sulfonate  (SDBS)  (20  mL 
aqueous  solution;  concentration:  2.8  mg/mL)  by  sonication  at  0°C 
for  1.5  hr.  The  resulting  suspension  (3  mL)  was  then  loaded  onto 
a  short  column  packed  with  the  PEI-cellulose  in  a  glass  pipette 
(~5.6  mm  ID  and  ~7  mm  OD).  When  water  was  used  as  eluent, 
excess  SDBS  was  flowing  out  first  (within  a  few  minutes  as 
observed  on  a  UY-vis  spectrometer).  After  pumping  water  through  the  column  (about  200  mL  in 
about  24-48  hrs),  the  PEI-cellulose  section  below  the  black  region  was  cut  out  from  the  column. 
The  separated  SWNTs  can  be  released  from  the  PEI-cellulose  by  adding  several  drops  of  HC1 
solution  (0.01  mol/L),  then  neutralized  with  NH4OH.  The  AFM  image  (Fig.  28c)  revealed  that 
the  tubes  in  the  resulting  solution  were  well  dispersed  and  the  average  length  of  the  isolated 
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Figure  27.  A  column  packed 
with  PEI  and  SWNTs  for 
separation. 
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SWNTs  were  around  300  nm,  with  diameter  being  about  1.0- 1.3  nm. 


Figure  28.  (a)  Raman  spectra  in  the  radial  breathing  mode  (RBM)  region  for  raw  SWNTs, 
isolated  met- SWNTs,  and  residual  SWNTs  on  the  top  section  of  PEI-cellulose,  with  excitation  at 
647  nm.  (b)  Raman  G-band  for  raw  and  met- SWNTs.  (c)  AFM  image  of  the  isolated  met- 
SWNTs. 


Raman  spectra  were  acquired  to  analyze  the  chirality  composition  of  SWNTs.  On  the  basis  of 
Raman  peak  positions,49  the  isolated  SWNTs  were  identified  as  shown  in  Figure  28a,  which 
contained  about  70%  (13,4)  SWNT.  The  Raman  G-band  of  the  isolated  SWCNTs  (acquired  from 
the  solid  state)  revealed  moderate  increase  in  the  relative  intensity  of  G“  band  at  -1560  cm-1 
(Fig.  28b),  in  agreement  with  the  increasing  metallic  SWCNTs.  Raman  peak  assignments  for  the 
met- SWNTs  are  summarized  in  Table  4,  which  is  consistent  with  the  met- SWNTs  identified  in  a 
HiPco  sample  that  contains  metallic  tube 
family  (2n+m)=27  and  (2n+m)=30  (listed 
in  Table  4).50  It  was  noted  that  the  Raman 
peak  for  tube  (12,3)  was  shifted  from  215 
cm-1  in  the  raw  sample  to  223  cm-1  in  the 
purified  sample  (Fig.  28a). 

The  result  showed  that  the  PEI 
selectively  retained  .vem/'-SWNTs,  which 
explained  why  metallic  nanotubes  were 
slowly  moving  with  the  mobile  phase 
while  semiconducting  SWNTs  were  held 
by  PEI  cellulose.  The  proposed  mechanism 


Table  4.  Raman  Evidence  for  Enrichment  of 
met-SWNTs 


(n,m) 

Lit  Raman23 
(cnf1) 

Our  Raman 
(cnf1) 

Family  27 

(9,9) 

192 

198.5 

(10,7) 

202.5 

208 

(11,5) 

209.5 

— 

(12,3) 

215 

223 

Family  30 

(10,10) 

172 

168 

(11,8) 

179.5 

183 

(12,6) 

189 

— 

(13,4) 

192 

195 
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was  also  consistent  with  the  observation  that  the  isolated  met- SWNTs  remained  to  be  soluble  in 
water.  Scanning  electron  microscope  (SEM)  image  further  revealed  that  the  surface  of  PEI- 
cellulose  packing  (from  the  black  band  in  Fig.  27,  after  elution)  was  covered  by  SWNTs,  in 
agreement  with  the  proposed  higher  affinity  of  PEI  to  semi- SWNTs  (see  also  Raman  spectra  in 
Figure  28a). 

It  appeared  that  SWNTs  had  strong  interaction  with  the  amino  groups,  which  led  to  retention 
of  semi- SWNTs  on  PEI  and  slow  moving  of  me?- SWNTs  in  water  mobile  phase.  It  was  assumed 
that  the  presence  of  ammonium  in  the  mobile  phase  could  increase  its  elution  strength.  When 
using  a  dilute  ammonium  aqueous  solution  as  eluent,  different  fractions  were  collected  and 
analyzed  (eluent  composition  shown  in  Figure  29).  UV-vis  absorption  peak  of  the  eluent 
revealed  notable  change  for  the  fractions  1-3 
(Figure  30).  Interestingly,  Raman  analysis  showed 
that  the  first  fraction  (7.max=633  nm)  was 
predominantly  (13,4)  SWNT,  while  the  second 
fraction  (7,max=660  nm)  and  third  fraction 
(^max=605  nm)  were  armchair  (10,10)  and  (9,9) 

SWNT.  The  isolated  armchairs  exhibited  only  G+ 
band  at  -1600  cm-1,  which  is  similarly  observed 
from  the  armchair  SWNT  by  using  DNA 
sequence44  and  centrifugation.51  The  results  suggest 
that  the  PEI  column  chromatography  could  separate 
the  different  armchair  SWNTs  from  the  other  met- 
SWNTs  (Table  4),  although  further  study  is 
required  to  further  understand  the  isolation  process  and  its  potential. 


Figure  29.  Solvent  composition  versus 
elution  volume,  which  is  used  to  obtain 
SWNT  fractions  1-3.  The  eluent  is 
partially  protonated  ammonium  hydroxide 
by  addition  of  a  small  amount  of  HC1  (3%), 
in  which  the  molar  ratio  of  NH3  to  HC1  is 
50:1. 
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Figure  30.  (a)  UV-vis-NIR  absorption  spectra  of  different  fractions  by  using  different 
concentration  of  NH3  aqueous  solution  as  eluent,  (b)  Raman  spectra  (RBM)  for  fractions  1-3, 
where  the  inset  shows  the  respective  G  band  (excitation  at  647  nm). 


In  summary,  a  potential  method  was  identified  for  isolation  of  met- SWNTs  by  using  PEI 
column  chromatography  with  aqueous  eluent.  The  Raman  RBM  and  optical  absorption  data 
suggest  that  the  isolated  SWNTs  were  enriched  wet-SWNT  mainly  consisting  of  (13,4).  In 
addition,  the  PEI  column  showed  the  potential  in  isolating  different  armchair  SWNT  when  using 
ammonium  aqueous  solution  as  eluent.  Further  study  should  be  carried  out  to  optimize  the 
separation  efficiency  and  simplify  the  operation  procedure. 
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